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1. Introduction

The first surface science studies about porphyrins were published in the 1970s*® and since then
the topic has found increasing interest. To understand the fascination for such large organic
molecules on surfaces we must have a closer look at some of the most important processes in
nature. Figure 1 shows four biologically important porphyrin derivates. The central framework is
in all cases remarkably similar: four pyrrol rings form a macrocycle with all four nitrogen atoms
pointing to the middle.” ® In the shown examples this central cavity is filled by different metal
ions which are coordinated by the four nitrogen atoms. What is different are the different side
groups and the metal center; both influence the colors of the molecules and their functionality.
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Figure 1: Four biologically important porphyrin derivates: Chlorophyll ci, Heme B, Cofactor F430 and
Vitamin Bay.

Chlorophylls, like the depicted chlorophyll c,, are Mg(ll) porphyrin derivates that absorb blue
and red light.° They are not only the reason why plants appear green, but they also take a central
role in photosynthesis, one of the most important processes for every living being on earth.

Structurally very similar, but with Fe(ll) instead of Mg(l1), is the group of heme molecules.’® As
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part of Hemoglobin and Myoglobin, the porphyrin Heme B transports and stores oxygen in
mammalian cells. The porphyrin-derivate Cofactor F430 has Ni(l) in its central cavity and is part
of an enzyme for methane production in prokaryotic archaea.!* The last example, cobalamin, is
also the most complex one of the four. Also known as Vitamin Bz, cobalamin plays an important
role in the production of red blood cells and for the function of the nervous system.? Its metal

center is Co(l).

Over the years, the list of porphyrin molecules has been enlarged by synthetic chemists with many
different combinations of side groups and metal centers. Today, porphyrins exist with most metals
of the periodic table as metal centers and numerous different chemical and physical properties.™*
18 This variety makes them interesting for various applications and it was shown that porphyrins
can be used in catalysis for example to reduce nitric oxides®® or to synthesize cyclic carbonates
from CO,? or in medical applications for photodynamic therapies®! 2. Besides that, they can also
be used to build chemical sensors® 24 and cheap dye-sensitized solar-cells on titania surfaces? 26
In many of these cases, porphyrins will be adsorbed onto a solid support and this is where surface
science studies come into play. The adsorption of porphyrins and their reaction behavior on
different surfaces was investigated with a variety of microscopic and spectroscopic techniques.?”
% Most of those works were performed on single-crystalline metal surfaces, because they offer
an easy to prepare and controllable system. However, for a proper description of processes in real-
world applications this is not suitable, because the important interface is in most cases not an

organic/metal interface but an organic/oxide interface.

When | started on my Ph.D. in 2016, there was an increased interest in oxide surfaces and organic
molecules adsorbed on them. The research unit “Functional Molecular Structures on Complex
Oxide Surfaces” (funCOS, FOR 1878) which started in 2014 played an important role on that.
We shifted our focus away from metal surfaces to mainly three different oxide surfaces:
magnesium-, cobalt-, and titanium oxide. First results have shown that some concepts that are
known from studies on metal single crystals, are also applicable for porphyrin-on-oxide studies.
The coordination of metals from the surface to form metalloporphyrins is one of them*”-*°, even
though the mechanism behind is completely different. Other findings like the formation of a
covalent bond between functionalized porphyrins and oxide surfaces®® “°, were not known from
metal surfaces and opened new possibilities. Also, outside of funCOS the interest in oxide

surfaces and how to functionalize them with organic molecules raised.****

The aim of this thesis is twofold: the first part is to deepen the knowledge on the adsorption and
reaction behavior of porphyrin molecules on oxide surfaces, namely cobalt oxide and titanium
dioxide. In the second part, the concept of funCOS is pushed even further. Instead of working on
oxide crystals in UHV, the preparation is stepwise brought into solution. This comes even closer

to real applications and should give important insights how ambient conditions influence the
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adsorption and reactivity of porphyrins. The appendix P6 contains an article about the adsorption
geometry of CoTPP on Ag(100) which I also published during my Ph.D. studies. Besides XPS
and NEXAFS, LEED and the X-ray Standing Wave technigque were applied to gain insights into
this system. However, the focus of this thesis is on oxide surfaces and thus the data will not be
discussed in detail. The porphyrins that were used during most of the work are free-base
porphyrins with phenyl groups attached, namely 2-H-tetraphenylporphyrin (2HTPP) and 5-
(monocarboxyphenyl)-10,15,20-triphenylporphyrin (MCTPP).

PO SRYYUS.
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I(:i.glﬁr)e 2: 2H-Tetraphenylporphyrin (left) and 5-(Monocarboxyphenyl)-10,15,20-Triphenylporphyrin
right

The following pages give a brief introduction to the work already done on porphyrins on surfaces
(Chapter 1.1 and 1.2). The focus is on concepts relevant for this thesis. A detailed summary is
found in the excellent review article written by J. Michael Gottfried.*® This is followed by an
overview of the basic concepts of X-ray photoelectron spectroscopy and near-edge X-ray
absorption fine structure measurements (Chapter 2), the preparative details (Chapter 3) and a

summary of the achieved results (Chapter 4).

1.1. Porphyrins on Oxide Surfaces

From different studies on metal surfaces, it is known that tetraphenylporphyrins adsorb usually
with the macrocycle parallel to the surface.** Due to steric hindrance induced by the phenyl
rings the macrocycle deforms upon adsorption. This saddle-shape deformation, where two
opposing pyrrol rings point to the surface and the other two away from it, is well known and is
found on different metal surfaces, like Cu(111)* %2, Ag(111)%2 and Au(111)%3; recently, an
inverted porphyrin structure was found for 2HTPP on Cu(111).%° It is believed that these distorted
conformations lead to higher interactions with the substrate and play therefore an important role
in the self-metalation process. In this reaction, the porphyrin coordinates a metal atom from the

metal surface with its four nitrogen atoms and incorporates it into the central cavity to form a
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metalloporphyrin.3 % 5% This is done by a redox reaction where the metal gets oxidized into +2-
state and the two protons on the aminic nitrogen atoms get reduced to atomic hydrogen.> On the
metal substrate, they can combine and desorb as Hz. This was used by our group®-%” and others®®
to follow the metalation reaction with temperature-programmed desorption measurements. Self-
metalation but also the reaction with codeposited metals are well-studied concepts and are known

for many different types of porphyrins and metals.3: 6. 59 60

Fewer studies exist for porphyrins adsorbed on metal oxides. It is known that 2HTPP adsorbs
with the macrocycle parallel to the surface on TiO,(110)%* and on MgO®. By functionalizing
porphyrins with linker groups, like —-COOH, the molecules can be covalently attached to oxide
surfaces. This is a known concept for small carboxylic acids®*% and was proven to work with
porphyrins as well®> 0, Infrared spectroscopy studies on Co304(111) have shown that MCTPP
adsorbs parallel to the surface at low coverages, but with increasing coverage the molecules start
to stand up.2 Similar results were found for MCTPP metalated with zinc on TiO2(110): AFM
measurements show that there exist also molecules with low and high tilt angles. CuTCPP, the
copper-tetraphenylporphyrin that has a carboxylic acid group on each phenyl ring does not adsorb
in a tilted geometry on NiO(001). It was also shown that self-metalation happens on oxide
surfaces as well. 2HTPP was found to metalate at elevated temperatures on TiO2(110)%" *°.
Whereas on MgO(100) the same porphyrin partially metalates already at room temperature®. The
reaction mechanism has to be different than on metal surfaces. Instead of a redox reaction an ion-
exchange mechanism is proposed where the metal ion is complexated by the four nitrogen atoms
and the two protons take its former place on the surface and form hydroxyl groups.® Except that
porphyrins metalate on both oxides, there are very few similarities between the behavior of
2HTPP on both surfaces. Besides the higher temperatures needed for metalation on TiO(110)
there is also another species besides the free-base porphyrin present at room temperature®” %: a
protonated porphyrin species that we believe is formed by interaction of the nitrogen atoms of the
porphyrin with hydroxyl groups on the surface. The protonated species is even more resilient to
metalation and needs even higher temperatures to metalate. The first part of this thesis is about
characterizing the metalation of porphyrins on oxide surfaces. Therefore, we studied two different
cobalt oxide surfaces and compared them to data measured previously in our group on MgO(100)
and TiO,(110). Afterwards, the covalent linking of MCTPP on TiO»(110) is discussed. The focus
was on finding out if a similar coverage-dependent adsorption geometry change like observed on

Co0304(111) takes place and if this would influence the self-metalation reaction.

1.2. Porphyrins at the Solid/Liquid Interface

In the second part of this thesis the influence of solution and air on the adsorption and reactivity
of porphyrins on TiO,(110) is discussed. Many studies exist about the behavior of dissolved

porphyrins, about how they metalate in solution®” ®, exchange their metal centers®®™ or
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demetalate again® 72, but only very few studies tackle the question about how adsorbed
porphyrins behave when exposed to solutions. Franke et al. have shown in 2015 that 2HTPP
evaporated on Au(111) and exposed to Zn(OAc). solution forms ZnTPP.” Furthermore, they have
shown that an already metalated molecule can exchange its metal-center when exposed to a metal-
ion containing solution.” Demetalation, another reaction known from solution chemistry where
the metal atom from the central cavity is removed and a free-base porphyrin molecule is formed,
was also attempted by Franke et al. and shown not to be possible for adsorbed molecules, even at
pH 0. Fernandez et al. studied the influence of the surface on the metalation of adsorbed
porphyrins in solution.”™ They found that the metalation temperature is rising when they increase
the distance between the surface and the porphyrin by introducing a self-assembled monolayer as
spacer. In this thesis, the focus was on adsorbing porphyrins from solution and metalating them

in solution.






2. Experimental Methods

X-ray photoelectron spectroscopy (XPS) is our technique of choice to study the adsorption and
reactivity of organic molecules on oxide surfaces. We apply it to verify the cleanliness of our
surfaces prior to each experiment, to ensure the intactness of the deposited molecules and to
determine coverages of the organic overlayers. Besides that, XPS distinguishes between a free-

base and a metalated porphyrin and this allows us to follow the metalation reaction.

Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) is the technique we use to
study the adsorption geometry of molecules. From the measured spectra we can determine if a
molecule adsorbs flat or tilted.

On the next pages | will briefly introduce the two techniques. The focus is on aspects that are
necessary to understand the following work. A detailed introduction to XPS is found in the books
written by Watts/Wolstenholme’ and Briggs/Seah’’, and the standard literature about NEXAFS
is “NEXAFS Spectroscopy” by Joachim Stéhr’®,

2.1. X-ray Photoelectron Spectroscopy (XPS)
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Figure 3: XP survey spectrum of the carboxylic acid functionalized porphyrin MCTPP adsorbed on
TiO2(110).

In an XPS measurement, the element-specific binding energies of core-level electrons of a sample
are detected. Figure 4 shows a typical XP spectrum of MCTPP, a carboxylic acid functionalized
porphyrin, adsorbed on TiO2(110). Each peak represents electrons originating from a specific

energy level and this allows one to identify the different elements a surface is made of. The
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theoretical fundament for XPS is the photoelectric effect, which was described 1905 by Albert
Einstein and earned him the Nobel Prize in 19217°: when a photon hits a surface, an electron can
be excited. If the photon energy is high enough to overcome the binding energy of the electron, it
is emitted from the atom and the remaining photon energy is converted to kinetic energy. In an
XPS measurement, these ejected electrons, which are called photoelectrons, are separated by their
kinetic energies and detected in an analyzer. With the measured kinetic energy and knowledge of

the X-ray photon energy and the work function inside the analyzer, the binding energy is obtained:
1:-':B =hv — Ekin - d)analyzer

The work function is determined by measuring a reference sample, often a gold or silver foil, and

comparing the obtained binding energies to literature values.

The high binding energy side of Figure 3 shows also peaks labeled with Ti LMM and O KLL.
These peaks are caused by Auger electrons, not by photoelectrons. After the photoemission
process the atom is left with an unstable core hole. This can be filled by an outer shell electron
and the energy difference is either emitted as a fluorescence photon or another electron is ejected

as an Auger electron.

2.1.1. Chemical Shift

Unlike the outer-lying electrons in the valence band, core-level electrons do not contribute to the
chemical bond and are therefore mostly unaffected by the chemical environment. This is why the
binding energies of core-level electrons are element specific. However, small shifts are observed
as a function of the chemical environment. A more positive electronic charge localized on an atom
leads to an increased attractive interaction between the electron and the core and therefore to a
higher binding energy. Vice versa, a negative charge leads to lower binding energies. Figure 4
shows how this effect, called chemical shift, can be used to distinguish between a free-base and a
metalated porphyrin. In the first case, the two different types of nitrogen lead to the two green
peaks in the N 1s spectrum with the peak of the aminic (—-NH-) nitrogen atoms at around 2 eV
higher binding energies than that of the iminic (-N=) ones. In a metalated porphyrin all four
nitrogen atoms bind to the metal center and have a similar electronic environment. This leads to

only one peak which is usually located in-between the two free-base peaks.
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Figure 4: N 1s spectra of a metalated and a free-base porphyrin. Both can clearly be distinguished in XPS
by the number of nitrogen peaks.

The barely visible violet peaks at higher binding energies are shake-up satellites and are caused
by relaxation processes that occur during the photoemission process to compensate the increased
positive charge. This relaxation can lead to different effects, like an excitation of an electron. The
excitation energy is lost for the photoelectron and thus its kinetic energy is lower; it will appear
at higher binding energies in the XP spectrum. If the valence electron is excited into a bound
energy level, the process is called shake-up. The energy difference - and therefore also the energy
loss of the photoelectron - is discrete and thus a peak is observable. If the transferred energy is
high enough to eject the valence electron from the atom the process is called shake-off. Here, the
energy difference is not discrete, and this leads generally not to a visible peak but to an increase
of the background at higher binding energies. In porphyrin photoelectron spectra shake-up
satellites are usually visible for multilayers in both the C 1s and the N 1s region and are often a

hint whether the number of molecules is below or above a full first layer.

2.1.2. Coverage Calculation

XPS is not only a qualitative method but can also be used quantitatively because the core-levels
are almost completely unaffected by the chemical state. This means the cross-sections for the
elements are also unaffected and therefore independent of the chemical surrounding of the atom.
When factors like the photon flux, the cross-section and the device-specific constants are known,
one can calculate the absolute number of atoms. In many cases, including this work, it is not
necessary to know absolute numbers. The more important questions we want to answer are what
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the atomic composition of the molecules is, especially how many carbon atoms are detected per
nitrogen atom to check the intactness of the porphyrins, and how many layers of molecules adsorb.
The first is answered by comparing peak areas of the respective elements after correcting for the
sensitivity factors.2% 8 In the second case, the Beer-Lambert law is used®?: when X-rays penetrate
a material, photoelectrons are created but only the ones that can leave the material without further
inelastic interactions contribute to an XPS peak. Electrons of deeper layers have a higher
probability of scattering and therefore contribute less to the peak intensity and more to the
background. For a two-component system, like porphyrin molecules adsorbed on TiO2(110), the
substrate signal intensity Is is given by:

—d
IS = 18 - @ Acosb

I%is the substrate signal without overlayer, d is the adsorbate thickness, A the inelastic mean free
path, and 6 the detection angle with respect to the surface normal. This and all following equations
are only valid when the adsorbate forms uniformly thick layers. To be able to calculate coverages
the inelastic mean free path has to be determined. This is done by measuring the substrate signal
Is of a sample with known adsorbate coverage and the same signal of the adsorbate free surface
I0. To create a reference sample with known coverage we utilize the property of porphyrins to
form very stable fully closed first layers on many metal and oxide surfaces. By depositing
multilayers and desorbing them, a reproducible number of molecules is left and this we define as
1 ML.%" 8 With multilayer desorption we obtain similar inelastic mean free paths and therefore
also similar amounts of molecules for 2HTPP adsorbed on different surfaces, like Co304(111),
CoO(111), TiO2(110), Cu(111) and Ag(100). However, in the case of MCTPP adsorbed on
TiO2(110), between 3.2 and 3.5 times more molecules are left on the surface and we think this is
because they adsorb in a tilted adsorption geometry (see Chapter 4.1.2). Using the measured XPS
intensity of a sample with the defined coverage of 1 ML in the equation, one can calculate A and
then every unknown coverage of any samples. With this we found that 1 ML of 2HTPP attenuates
substrate signals by approximately 10% when using Al Ka radiation and by 50% when using
synchrotron radiation and choosing the photon energy such that the substrate photoelectrons have
a kinetic energy of 100 eV. However, this method has some disadvantages: when the X-ray beam
is not stable between the measurement on the clean surface and after adsorption or when the
distance between sample and analyzer is not constant this method can introduce errors. To

overcome these uncertainties, we combine the first equation with a second one:
-d
[, = Ig . (1 — e?\cose)

This equation gives the intensity of an adsorbate signal 1, with a thickness d. Ia%is the signal of

an - for XPS - infinitely thick overlayer. This is obtained by measuring multilayers that are so
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thick that no substrate signal is detected anymore. By using the intensity ratios Ia/ls instead of the

absolute values, the mentioned problems are overcome:

13/19

d= —Aln—A5
[7/1s+14/1g

This equation is only valid when the mean free path of electrons coming from substrate and
adsorbate is the same; therefore, the kinetic energy has to be the same or very similar. For
synchrotron radiation, the photon energy can be set so that this is fulfilled, and for laboratory-

source XPS lines with a similar binding energy should be used.

In a similar way, an equation can be derived to describe three-component systems. The attenuation
in the adsorbate A, the intermediate layer B and the substrate C can be described by the following

equations:

I, = Ig . (1 - eAcosG)

—dp —da
IB = Ig . (1 — ekcosﬂ) + @ AcosO

0 — (da+dp)
IC = IC e AcosH

By forming relative intensities, the three equations can be combined to calculate the thicknesses

of the adsorbate A and of the intermediate layer B:

I3 1€ I
dy =AcosOIn{1+

31 Tg + IR 1R I

I lc —da_
dg = —A cosB an— + In (1 - elcosG) —d,
These equations were used to calculate coverages of 2HTPP adsorbed on thin films of cobalt

oxide that were grown on Ir(100).

2.1.3. Measuring on Non-conductive Samples

During the XPS process photoelectrons are emitted, and if the sample is not grounded or is
insulating, a positive charge will accumulate. This results in a higher attractive interaction
between the surface and the photoelectron and therefore in a lower kinetic energy. This leads to
a peak shifting to higher binding energies. In addition, if the charge accumulation is not uniform
across the surface, different photoelectrons will be shifted by different amounts and this causes a
broadening of the XPS peaks. When measuring on metal surfaces, this is usually not a problem,
but many oxides are insulating, and suitable methods have to be used to compensate the

accumulating charge. In this work, | present measurements performed on two different oxide
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surfaces. The first is cobalt oxide and we performed our measurements on in situ grown thin films
on Ir(100). The low oxide-film thickness allows for electrons of the metal support to compensate
the charge on the oxide surface. The second surface is TiO2(110) and here we used bulk crystals.
In the first set of experiments, we annealed the crystals in ultrahigh vacuum to bulk-reduce them
and increase their conductivity to measure XPS. We also performed experiments with wet-
chemically prepared TiO»(110) crystals in air. These crystals were not reduced; instead, a low
energy electron flood gun was used to compensate the positive charge. This can lead to an
accumulation of negative charge in the region surrounding the X-ray spot on the sample and this
repels electrons from the flood gun resulting in a worse neutralization.®* To account for that, we
used an automated dual beam charge neutralization setup with an additional argon ion gun to
reduce the negative potential. As seen in the comparison of a Ti 2p measurement of a bulk-
reduced TiO2(110) crystal without neutralization with a non-reduced crystal measured with
neutralization in Figure 5, the neutralization setup overcompensates the charge slightly and peaks
are shifted to lower binding energies by around 3 eV. We corrected the measurements to match
the binding energies of the reduced crystals.

Ti 2p

2.8¢eV

bulk-reduced

Intensity (arb. unit)

non-conductive

Il LI I LI I LI L] I LI I L]
468 466 464 462 460 458 456 454 452
Binding Energy (eV)

Figure 5: Ti 2p photoelectron spectra of a non-conductive TiO2(110) crystal measured with charge
neutralization and of a reduced TiO2(110) crystal. The binding energy shift is 2.8 eV.

2.2. Near-edge X-ray Absorption Fine Structure (NEXAFYS)

NEXAFS spectroscopy provides information about the electronic structure, especially of the
unoccupied states, and about the adsorption geometry of molecules. In contrast to XPS the X-ray
energy is swept, while the X-ray absorption is measured and, thus, synchrotron radiation is

needed.
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2.2.1. General Concept

In a NEXAFS measurement the X-ray absorption around an absorption edge is measured: if the
photon energy is high enough to ionize an atom an increase in absorption intensity, the so-called
edge jump, is detected. The left part of Figure 6 shows a schematic NEXAFS spectrum and the
right part shows a typical C K-edge measurement of phthalic acid adsorbed on Co304(111).
NEXAFS spectra can be divided into two parts: the w*-region below the edge jump and the c*-

region above. Transitions into 7* orbitals result usually in narrow and intense peaks, whereas ¢*

C K-edge
Phthalic Acid
? ko \ o4 on Co;0,(111)

peaks have a larger linewidth.

n*-region

c*-region

Intensity (arb. unit)

edge jump

_J
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Figure 6: Left: Schematic NEXAFS spectrum showing the typical features. Right: C K-edge measurement
of phthalic acid adsorbed on C0304(111).

The typical way to measure X-ray absorption of thin organic adsorbates is to count secondary
electrons. Depending on the energy window of the detected electrons one distinguished between
total-, partial- and Auger-yield detection. In total-yield measurements all emitted electrons are
detected. This results in a relative high signal intensity and the shortest measurement time of the
three electron yield detection techniques. However, total-yield measurements are less surface
sensitive than partial- and Auger-yield measurements because not only electrons from the top
layers but also electrons from deeper layers are detected. To overcome this, in partial-yield
detection mode a retarding voltage is applied to repel bulk electrons which have low kinetic
energies due to inelastic scattering processes on their way to the surface. Auger-yield detection is
even more surface sensitive. Here, only Auger electrons with a specific energy are detected. A
disadvantage of Auger-yield detection is the weak signal intensity and the resulting longer
measurement times. This leads to an increased risk of beam-induced degradation of the sample.

In the NEXAFS measurements | present here, we used Auger-yield and total-yield detection.
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2.2.2. Photon Flux Measurements

Independent of the chosen detection method the number of X-ray photons that hit the sample has
to be recorded to determine the X-ray absorption. Organic contaminants on the beamline optics,
caused by the adsorption of organic materials, lead to X-ray absorption at the absorption edges of
the impurity elements and thus to a decrease in the X-ray intensity in this photon energy range.
To overcome this, the photon flux can be measured with a gold mesh that is placed in the beam
path just in front of the sample. However, just as the beamline optics, organic impurities can also
adsorb onto the gold mesh. In our case, at the Material Science Beamline at the Elettra Sincrotrone
in Trieste, Italy, the gold mesh detected a correct photon flux signal for photon energies around
the N K-edge, see Figure 7, but carbon impurities on the gold mesh prevented us from measuring
the photon flux in the C K-edge region. The resulting measured mesh current is a NEXAFS
spectrum of the carbon impurities on the mesh (Figure 7, middle spectrum) and not the actual X-

ray intensity as a function of photon energy.
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Figure 7: Photon flux recorded with a gold mesh for N K-edge (left) and C K-edge (middle). The signal in
the carbon region is strongly influenced by carbon impurities on the mesh and does not resemble the photon
flux on the sample. The right spectrum shows the photoelectron intensity of the Ti 3p peak for the photon
energies used in a C K-edge measurement and is used as photon flux reference.

To account for that, the photoemission intensity of a XPS peak was measured as a function of
photon energy and used as photon flux (Figure 7, right spectrum). On cobalt oxide, this was the
Ir 4f peak (between 70 —57 eV) and on TiO2(110) the Ti 3p peak was followed (32 — 45 eV).
With this method we neglect variations of the cross-section when changing the photon energy and
photoelectron diffraction effects, but the error in the resulting photon flux is still smaller than

when measured with the gold mesh.

2.2.3. Auger-yield NEXAFS and Photoelectron Features

We measure Auger-yield NEXAFS spectra as two-dimensional images with the kinetic energy
plotted against the photon energy. Figure 8 shows an example of the C K-edge region of phthalic
acid adsorbed on Co304(111). The image contains several vertical lines from Auger electrons; the
two sharp features between 285 and 290 eV are caused by transitions into ©* orbitals and the

broader feature between 290 and 305 eV is caused by transitions into o* orbitals. Another feature,
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but diagonal not vertical, is visible between 310 and 320 eV. Following this feature, the Kinetic
energy changes linearly with the photon energy: changing the photon energy by 10 eV from 310
to 320 eV, changes the kinetic energy by 10 eV as well. These diagonal features are caused by
photoelectrons that are emitted and detected together with the Auger electrons. In a NEXAFS
measurement these features are unwanted, and measures have to be taken to correct the measured
spectrum to yield the true NEXAFS spectrum. We found photoemission features in all
measurements we performed, including C and N K-edge measurements of different porphyrins
and carboxylic acids on Ag(100), Ir(100), MgO(100), Cos04(111) and TiO,(110) and we think
this is a general problem in Auger-yield NEXAFS. The most common method to correct for those
photoemission effects is to measure a reference NEXAFS spectrum of the clean surface and either
subtract it from the measured data or divide by it. This method only achieves good results when
the photoemission features do not change their binding energies or their shapes upon adsorbate
adsorption and doesn’t work at all when the photoemission features arise from the adsorbate itself.
However, in many publications only little to no information about the applied corrections is given
and from the one-dimensional spectrum it is not always clear if a correction method was
successfully applied. This is why we record two-dimensional Auger-yield NEXAFS images and
in addition, working with those two-dimensional NEXAFS images allowed us to develop a hew
method to remove photoemission features without the need of any additional reference

measurements of the clean substrate. This method is presented in Chapter 4.3.
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Figure 8: Two-dimensional NEXAFS image of phthalic acid on Co304(111). The vertical lines represent
the wanted Auger signals. Diagonal lines (here especially in the lower right corner but also less intense in
the upper left corner) come from XPS peaks that travel through the spectrum. These are unwanted and, if
not removed, they will alter the one-dimensional NEXAFS spectrum.
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2.2.4. Adsorption Angle Determination
The intensity of a NEXAFS signal, which is the electron transition from an initial state |¥;) to a
final state |¥f) is, according to Fermi’s Golden Rule, proportional to the transition dipole

moment’s:
I oc [(W|Ep|W))|? = |E(WfIp|¥;)|?

In the case of an 1s initial state the transition dipole moment points in the direction of the final

state orbital vector O:
I o (E0)? = (E,Oy + E,O, + E,0,)"

Synchrotron radiation is usually elliptically polarized with the main component of the electric
field parallel to the storage ring plane, and another one phase-shifted by n/2 perpendicular to the
ring plane.®> ® This allows for splitting up and describing the process as a sum of two linearly

polarized beams:
I« (E'0)° + (EL0)?

The parallel E! and the perpendicular electric field vector E* do not contribute equally intense to
the NEXAFS signal. This is defined by the polarization factor P and is usually around 80%7:

1« P (E'0)” + (1 — P)(E0)?

A

Figure 9: Schematic drawing of a crystal surface and a molecular orbital vector O. The vector coordinates
are defined by the polar angle o and the azimuthal angle ¢.

In three-dimensional space a vector is defined by two angles, a polar angle which is relative to
the z-axis and an azimuthal angle between the x-axis and the vector’s orthogonal projection onto
the xy plane. In our case, the z-axis is parallel to the surface normal and the surface lies in the xy
plane. Furthermore, the x-axis is parallel to the principal symmetry axis of the surface. For our
measurements, the sample was rotated around the y axis. The molecular vector O with the polar

angle o and the azimuthal angle ¢ has the coordinates:
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sin o cos¢
0 =|sinasin¢
cosa
And the main component of the electric field is described by the polar angle 8 and the azimuthal
angle n:
sin B cos
El = (sin 0 cos n)
cos O

The EX contribution lies in the xy plane and thus the polar angle is 90° and the azimuthal angle is

orthogonal to the azimuthal angle of E.

El = sin(90°) sin (n+90°) | =| cosn

sin(90°) cos (n + 90°) <_ sinn)
cos (90°) 0

On surfaces with twofold symmetry, molecules can adsorb in a total of four mirror domains,
differentiating by the sign of the polar or azimuthal angle. The total NEXAFS signal is then the

average of all four single domains:

1 1 1 1
Ifour domains X 7 I(O(, q)) +— I(_O(: d)) +— I(O(' —CID) +— I(_O(. _CI))
4 4 4 4
This simplifies the parallel and perpendicular contribution to:

I' o sin? o cos? ¢ sin? B cos? 1 + sin? asin? ¢ sin? B sin? 1 + cos? a cos? O

I+ o sin? a cos? ¢ sin? n + sin? asin? ¢ cos?n

The equations presented here for twofold symmetric surfaces with 4 molecular domains were
used to study the adsorption geometry of MCTPP on TiO2(110) (P3).

In practical applications, the sample is usually rotated to measure at different polar incident
angles. To measure at different azimuthal angles the sample has to be rotated around the surface
normal. In many cases, including the beamlines where we measured at, this is not possible and
the crystals have to be taken out of the ultrahigh vacuum, rotated, and remounted, and then
inserted into the chamber again. In special cases, when the substrate symmetry is high enough,
this can be avoided. On a hypothetical substrate with full rotational symmetry, the molecules can
adsorb with all azimuthal angles and the equation can be simplified by integrating over all

azimuthal adsorption angles ¢:

1
I Esin2 asinZ 0 + cos? acos? 0

1
1« Esin2 a
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In practice, this equation can be used already for threefold symmetric surfaces and is also found
in Joachim Stohr’s book “NEXAFS Spectroscopy”’®. We used this equation to determine the

adsorption angle for phthalic acid on the six-fold symmetric Co304(111) surface in Chapter 4.3.
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3. Experimental Details

The results in this thesis are divided into two parts: the first part is a pure ultrahigh vacuum study
to investigate the interactions of porphyrins with oxide surfaces. The second part is about
porphyrin adsorption and reactions at the solid/liquid interface. In this Chapter the experimental
details are discussed for both parts.

The first question we wanted to answer is if the surface structure of the oxide influences the
reaction behavior of adsorbed molecules. Therefore we deposited 2HTPP on two different cobalt
oxide surfaces, C0304(111) and CoO(111). Bulk cobalt oxide is insulating and to be able to
measure XPS, where usually a conductive sample is necessary, we grew thin films of cobalt oxide
in situ onto a Ir(100) single-crystal. Besides the increased conductivity which allows us to
measure XPS, the thin-film-approach also allows us to easily study porphyrin adsorption on two
different cobalt oxide surfaces without the need of changing the crystal, because depending on
the exact growth conditions, either Co304(111) or CoO(111) can be grown. The downside is that
the preparation of a surface by growing it is more time consuming than sputter-cleaning. This is
a major disadvantage especially during beamtimes at the synchrotron, when the measurement

time is restricted.

The second system we wanted to study is MCTPP on rutile TiO2(110). A major part of these
measurements is to investigate the interactions of adsorbed porphyrin molecules with solutions
and therefore we immersed the crystals into different solutions. To avoid unwanted side-reactions
with the substrate below, we decided not to work with TiO2(110) thin films, which can be grown
on metal substrates like NissTis(110)%, Ni(110)% or Ge(100)%, but to use bulk single crystals
instead. To prevent charging effects during XPS, the TiO2(110) crystals were reduced in ultrahigh
vacuum for the first half of the measurements. The aim of the second half of the measurements
on TiO2(110) was to find a way to prepare porphyrin covered crystals outside of UHV with very
basic means. This is why we did not reduce these crystals but used the charge neutralization setup
described in Chapter 2.1.3 to measure XPS.

3.1. Preparation of Cobalt Oxide Thin Films

For each experiment, a fresh layer of cobalt oxide was grown. Each grow step started with
preparing the Ir(100) surface: impurities were cleaned off by accelerating argon ions at a pressure
of 2 x 10® mbar onto the surface with an energy of 1 keV (sputtering). This removes the topmost
layers from the surface and leaves a rough surface behind, which is cured by subsequent annealing
to 1370 K for 3 minutes. Then, the crystal was annealed to 1270 K in oxygen atmosphere
(10" mbar) for 5 minutes and annealed to 1370 K in UHV for another minute to yield a clean
(5%1)-1r(100) surface. This was exposed to O, (107 mbar) at 1270 K for 5 minutes and cooled

down to 370 K in Oz to form a (2x1)-O reconstructed surface. In the next step, cobalt was
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evaporated in 10° mbar Oz at 270 K. Co304(110) is obtained after annealing the surface to 520 K
for 2 minutes in 10° mbar O, and subsequently in UHV to 670 K for 10 minutes. To prepare
Co0O(111), the Co304(111) films were reduced by annealing in UHV to 830 K. Each step was
followed by LEED. The thickness of the grown films was around 7 nm. This ensures that the
conductivity of the sample is high enough to measure XPS, and at the same time the properties of

the thin films resemble the ones from bulk cobalt oxide.

A more detailed description of the procedure to grow cobalt oxide thin films can be found

elsewherg4 90.91

C0,0,(111) 100 eV | CoO(111) 115 eV

Figure 10: Typical LEED patterns of Co304(111) and CoO(111) thin films. Adapted in part from [P1] with
permission from Chem. Eur. J.

3.2. Preparation of Rutile TiO2(110) Crystals

3.2.1. Preparation for UHV Experiments

In the measurements performed in Buenos Aires rutile TiO2(110) crystals with an area of
10x10 mm?2 were used. They were held by a 0.3 mm thin tantalum sheet, which was spot-welded
onto the sample plate. Crystals with a thickness of 1 and 5 mm were used, and in both cases the
tantalum sheets were never higher than the crystals to ensure that no tantalum is sputtered onto
the crystal surface. This was also regularly controlled with XPS measurements. K-type
thermocouples were in close distance to the crystal without touching it; because the thermal
contact between the crystals and the tantalum sheet was low, the measured temperature of the
sample holder was in all cases higher than of the crystal surface. After the measurements that are
presented in this thesis, the sample mounting was changed. Now the crystals are glued with a
magnesium oxide based ceramic glue (Kager Ceramabond 571) onto the sample holder and the
thermocouples are glued directly onto the sides of the crystals, which gives an improved

temperature reading. By comparing measurements done with both temperature readings, we
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estimate the error of the non-glued crystals to be around 100 K at the highest temperatures of
1000 K.

Figure 11: Tantalum sheets with bent sides were spot welded onto the sample plate and the TiO2(110)
crystals were held by these. TiO»(110) crystals are usually non-conductive and to be able to measure XPS
they were reduced by annealing them in ultrahigh vacuum. This changes the crystal color to blue.

TiO2(110) crystals are usually non-conductive; to be able to measure XPS, the crystal was
reduced. This was done by annealing the crystals to 970 K in ultrahigh vacuum. The crystal color
changes during this process from the usual white/yellowish color to light blue, see Figure 11 and
Figure 12. Care has to be given that the temperature is not set too high, otherwise the crystal can

be reduced too much, which results in dark blue to black crystals, see Figure 12.

The crystals were cleaned by consecutive cycles of sputtering with an ion energy of 1 kV at
5 x 10% mbar of argon pressure and subsequent annealing to 970 K.

Figure 12: TiO»(110) crystals untreated (top left), mildly reduced (middle left) and heavily reduced (bottom
left). The right part shows a LEED pattern of the (1x1) reconstructed surface.
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3.2.2. Preparation for Wet-chemical Experiments

The aim of our wet-chemical experiments with TiO2(110) crystals was to completely leave
ultrahigh vacuum and prepare the crystals fully in solution. XPS measurements, of course, were
still performed in UHV. But in difference to the other experiments, the measurements of the wet-
chemically prepared crystals in Chapter 4.2.3 (P4) were performed at an industrial XPS machine.
We had the great opportunity to use the Phi Quantera Il machine of the group of Prof. Karl
Mayrhofer from the Helmholtz Institute Erlangen-Nurnberg for Renewable Energy. This device
is equipped with a charge neutralization setup, and thus non-conductive unreduced TiO2(110)
crystals can be measured without reducing them in vacuum. This greatly simplifies the sample
preparation.

The liquid cleaning procedure as well as XPS and AFM measurements before and after cleaning
are part of article P4 and will also be discussed in Chapter 4.2.3. However, to give the reader a

better overview of the preparational steps, the details are described here.

All wet-chemical experiments were performed in standard-laboratory glass materials, such as
beakers for the reactions itself, volumetric flasks to prepare solutions of reagents, Pasteur pipettes,
petri dishes to cover beakers from dust and small glass vials to store crystals and solutions. To
reduce the risk of contaminating crystals with metals and to prevent scratching the surface
tweezers made of PMP were used instead of stainless-steel ones. Even small traces of metals can
influence the measurements by reacting with the porphyrin molecules and forming

metalloporphyrins.

Directly before usage, all glass materials were washed with ultrapure water that we thankfully got
from the group of Prof. Jorg Libuda. Then an aqueous solution of 0.05 M KMnO4/0.005 M H2SO,
was used to remove organic contaminants. To do so, all glass parts that will come in contact with
either the TiO,(110) crystals or the reagent solutions - including the outside of pipettes or the
outlets of beakers - were immersed in the cleaning solution for one hour. Afterwards, the acidic
KMnOy solution is removed, and the glass materials were put in 10% H,O; solution for another
hour. In the last step, after removing the peroxide solution, the glass ware was vigorously washed
with ultrapure water. Even after cleaning new glass materials, especially Pasteur pipettes, often
contaminate crystals and silicon is detectable in XPS. Therefore, all glass materials, also the
disposable pipettes, were always reused and it was made sure to use them only for the same

chemicals and processes.

The actual cleaning of the titania crystals is done by placing them in a beaker with 3% soap
solution (Labwash premium extra) and sonicate them for 15 minutes to remove grease and
particles. Afterwards they are sonicated in ultrapure water for another 15 minutes to remove

remaining soap solution. The next step is the most important one and the actual cleaning step: the
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crystals are heated to 65°C for 8 minutes in a three to one mixture of 25% NHs; and 30% H-0..
To do so, the beaker is placed onto a heating plate and the temperature is measured in a second
beaker with the same amount of solution that is also placed on the heating plate. This ensures that
no impurities from the thermometer will come close to the crystals. Next, the crystals are
thoroughly washed with ultrapure water and finally sonicated for another 15 minutes in water.
Ideally, the crystals should be directly put in porphyrin solution afterwards to ensure that the
amount of impurities picked up after cleaning is as low as possible. If this is not possible, storing
them in closed glass vials filled with ultrapure water gave the best results.

The cleanliness of the TiO2(110) crystals is strongly dependent on the quality of the ultrapure

water. Best results were obtained with Merck Milli-Q water and thus it was used in all steps.

The cleaning procedure described above also allowed us to clean crystals covered with porphyrins
and thereby reuse the crystals. However, crystals that were used in metalation experiments and
were placed in metal-ion containing solutions showed in some cases small XPS signals for those
metals. Crystals that were placed in copper-solutions did not always get clean and, thus, were not

reused.

We used double-sided UHV-compatible tape to glue the crystals onto the sample plate and this
led to residues on the backsides of our crystals. In some cases, the cleaning procedure was not
able to remove these residues completely on the first try and to account for that, we cleaned our
crystals twice: the first time directly after the measurements and then they were stored in ultrapure
water. Prior to each experiment we took the necessary number of crystals out of those already

cleaned ones and cleaned them again. This resulted in reproducibly clean crystals.

Polished TiO(110) crystals come with rough surfaces and to achieve a flat surface with large
terraces, like UHV-annealed crystals usually have, we annealed our crystals in an oven to 950 °C
for 22 hours in a pressurized air stream. AFM measurements before and after annealing are

presented in Chapter 4.2.3.

3.3. Deposition of Molecules

3.3.1. Evaporation in UHV

2HTPP was evaporated in a home-built Knudsen cell at 580 K, MCTPP at 473 K and phthalic
acid at 380 K. For porphyrin samples, monolayers obtained by multilayer desorption (2HTPP:
525 K, MCTPP: 473 K) were used as coverage reference (more details in Chapter 2.1.2). When
annealing porphyrin layers to multilayer desorption temperatures, they can undergo thermally
induced changes: on Cu(111)% %2 and on Ag(111)* a ring fusing reaction of the porphyrin phenyl
rings to the macrocycle was observed for 2HTPP. This ring fusion should not change the number

of porphyrins on the surface and we never observed changes in the XPS signal by annealing
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porphyrin layers to multilayer desorption temperatures. Thus, it is valid to use those annealed
monolayers as a coverage reference, but for actual measurements at the monolayer coverage, we

directly evaporated the desired amount to avoid these structural changes.

3.3.2. Deposition from Solution under Argon Atmosphere

The porphyrin layers in Chapter 4.2.2 were deposited from solution onto a TiO,(110) crystal that
was cleaned in UHV. To reduce the risk of contaminating the crystals with impurities from air
the deposition was done using an argon-filled liquid cell made of PTFE which is attached to a
ultrahigh vacuum chamber in Prof. Federico J. Williams laboratory in Buenos Aires, Argentina.
The same setup was used to expose titania crystals with evaporated porphyrins to metal-ion
containing solutions (P2). Prior to each experiment, the reservoir that holds the solution was
cleaned with acidic KMnOj, solution and H.O. (the same procedure as described above to clean
glass materials). Ethanolic porphyrin solutions (c = 0.01 mM) were then poured into the liquid
cell and the crystal was transferred out of UHV into the argon filled liquid cell. At no moment
during transportation or exposure to the solution the crystal was in contact with air. To prevent
contaminations from the sample holder or the surroundings it was made sure that only the crystal

surface was touching the porphyrin solution.

Figure 13: TiO2(110) crystal touches solution in liquid cell.

After one minute, the crystal was retracted from the solution, rinsed either with ethanol or
ultrapure water to wash away non-attached porphyrins and the remaining solvent droplet was

blown off with an argon jet. Afterwards the crystal was transferred back to UHV.

This setup played an important role for the wet-chemical experiments in this thesis. It provided

the necessary link between pure ultrahigh vacuum studies and measurements in ambient
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conditions and helped us to gain first insights into the reaction behavior of adsorbed porphyrins

with solutions.

3.3.3. Deposition from Solution under Ambient Conditions

In article P4 porphyrins were also deposited from solution but in air and not in a protective argon
atmosphere. Ethanolic 0.01 mM porphyrin solutions were prepared and poured into a beaker.
TiO2(110) crystals were placed in the solution and petri dishes were used to cover the beakers.

Figure 14: TiO2(110) crystals immersed in ethanolic 0.01 mM MCTPP solution in a beaker.

After 30 minutes, the crystals were rinsed with ethanol and either placed in the next solution (for
example metal-ion-containing solutions to metalate the porphyrins) or prepared for XPS analysis.
For the latter, the remaining ethanol on the crystal surface was blown off with nitrogen. After
each preparation, the tweezers were cleaned with ethanol to avoid cross-contaminations during
the rinsing process when crystals with different types of porphyrins were prepared. The dry
crystals were glued with double-sided UHV-compatible copper tape onto the sample plate and
transferred into the UHV chamber. To minimize the risk of picking up dust or other impurities
from air, the time in air between the crystals being removed from solution and inserted into the
vacuum chamber was kept as short as possible and was in all cases below 30 minutes. In addition,

to prevent photodegradation the crystals were always kept in the dark.
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4. Results

The results in this thesis are divided into three parts. Chapter 4.1 discusses the reactions of
porphyrins adsorbed on oxide surfaces. In these ultra-high-vacuum studies, the influence of the
surface structure was examined by comparing the reactions of 2H-tetraphenylporphyrin on two
differently terminated cobalt oxide surfaces. Afterwards, the influence of the carboxylic acid
anchoring group in functionalized tetraphenylporphyrins adsorbed on TiO2(110) was

investigated.

The second part describes a step-by-step approach to bring the preparation of porphyrin layers on
rutile titania out of ultra-high vacuum and into solution. By studying the same system, MCTPP
on TiO,(110), prepared with very different methods, the influence of solution-chemistry and of

air was studied.

In the last part, a novel way to analyze 2D Auger-yield NEXAFS measurements is presented.

4.1. Porphyrin Reactions at Oxide Surfaces

In contrast to reactions of porphyrins on metal surfaces, only little was known about interactions
with oxide surfaces when this work started. The adsorption of 2HTPP on MgO(100) done by
Schneider et al.® was one of the first studies dealing with that topic. They have shown that the
porphyrin molecules can pick up magnesium ions from the surface and incorporate them into the
central porphyrin cavity forming the metalloporphyrin MgTPP. This reaction, also found on
reactive metal surfaces, like copper®® % %2 iron® or nickel®, is known as self-metalation. The
mechanism, however, is different on metal surfaces where a redox reaction takes place and the
metal atom is oxidized while the central protons are reduced to H,.%® On oxide surfaces, we believe
that the reaction happens through an ion-exchange mechanism where the metal ion is directly
incorporated into the porphyrin pocket.®® The protons are transferred to the surface and form
hydroxyl groups at the location where the metal ion was sitting. In the case of MgO(100), the
magnesium ions are in oxidation state +2 and can easily be complexated by the porphyrins. Kbl
et al.3" and Lovat et al.*® found that 2HTPP self-metalates on rutile TiO»(110) as well.3" 3
However, in contrast to MgO(110), metalation does not happen at room temperature on
TiO2(110), but needs elevated temperatures. We believe this is because the titanium ions are in
oxidation state +4 and the formation of TiTPP is thus unlikely. Instead, a (Ti=0)?" unit is picked
up and titanyl porphyrin is formed, which is a more complex reaction than the incorporation of a

+2-metal ion.

Another difference between the two oxide surfaces, is the formation of a protonated porphyrin
species on TiO2(110).%" 3% ¢ We believe that by an interaction with hydroxyl groups on the
titanium surface the formerly non-protonated nitrogen atoms are protonated and an acidic

porphyrin species is formed. Such a species is not observed on MgO(100).
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4.1.1. Influence of Surface Structure [P1]
These experiments were performed at the Material Science Beamline at the Elettra Sincrotrone

Trieste in Italy.

Cobalt oxide thin films were grown in situ on Ir(100) (see Chapter 3.1). Depending on the
preparation, the surface structure of cobalt oxide can easily be tuned® % °! and this allowed us
to study the porphyrin reaction behavior on two different surfaces with only little additional
preparational effort. The two structures that were chosen were reducible Co304(111) and non-
reducible CoO(111). The questions we wanted to answer were if self-metalation occurs on cobalt
oxide surfaces as it does on MgO(100) and TiO,(110), but also if the different surface structures
influence the metalation behavior, especially because the cobaltions are very close to the surface
in C0304(111) but more recessed in CoO(111) (Figure 15).

Co50,(111) CoO(111)

Side View

Top View

Figure 15: Model of Co304(111) (left) and CoO(111) (right). Adapted from [P1] with permission from
Chem. Eur. J.

Figure 16 shows the N 1s XP spectra of an almost completed first layer of 2HTPP on both cobalt
oxide surfaces at several temperatures. Already at 275 K, the spectra are a mixture of the typical
two-peak-structure of a free-base porphyrin (green peaks) and the expected single-peak structure
of the metalated molecule (blue peak). This means, that on both cobalt oxide surfaces, around
50% of the molecules self-metalate below room temperature and form — what we think is —
CoTPP. On the first glance, this might be surprising: to be able to complexate the cobalt ion, it is
necessary to break strong metal-oxygen bonds. However, as suggested by Schneider et al.*8, we
believe the reaction happens through an ion-exchange mechanism and the protons that were
formerly attached to the nitrogen atoms form localized hydroxyl groups on the oxide surface. In
addition, DFT calculations for 2HTPP on MgO?® have shown that the energetics would favor a

reaction at step-edges and corners and if this is also the case on cobalt oxide, this could not only
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explain why CoTPP is formed already below room temperature, but also why the reaction is

independent of the cobalt oxide terrace conformation.
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Figure 16: N 1s spectra of monolayer coverages of 2HTPP on Co0304(111) (left) and CoO(111) (right)
heated in 50 K steps, 10 minutes per step, to 775 K. Green peaks represent the free-base porphyrin
molecules, protonated porphyrins give rise to the red peaks and the blue peaks are attributed to the
metalloporphyrin species. Brown peaks are decomposition products at higher temperatures. Modified from
[P1] with permission from Chem. Eur. J.

On Co0O(111), metalation was also detected at 175 K; notably an additional compound at the
position of the high binding energy peak is present (red peak). This is very similar to the
observation of protonated porphyrin species on TiO,(110).%" % % There, the acidic porphyrin
species is stable up to above 400 K and hinders the incorporation of metal ions during self-

metalation. Furthermore, at low coverages, this species is the only visible one on TiO»(110) and
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no iminic nitrogen peak at lower binding energies is present, suggesting that not only one nitrogen
atom per molecule but all two get protonated and a diacid porphyrin is formed. However, on
cobalt oxide the species behaves different. It is only present at low temperatures and even at
0.2 ML a low binding energy species at around 398 eV is present. The ratio between the peak at
around 400 and at 398 eV is always 3 to 1, and that could mean that — in difference to
TiO2(110) — not a mixture of diacid and free-base porphyrins is present but that all porphyrins are
singly protonated and form a monoacid species. We assume that, because of the differences in the
behavior and because hydroxyl groups on cobalt oxide should be stable up to much higher
temperatures than 275 K*, a different reaction occurs in this case. Even in the low-pressure range,
where the measurements were performed, there is still a substantial amount of water in the
background pressure of the ultrahigh vacuum chamber and at low temperatures water adsorption
is a common process. The desorption temperature of water on CoO(111) is known to be around
250 K% and lies therefore in between the two spectra where the protonated species vanishes.
Therefore, we think that the interaction with intact adsorbed water and not with surficial hydroxyl
groups forms the protonated species on cobalt oxide.

At temperatures above 575 K clear differences can be observed between the two cobalt oxide
surfaces. Whereas C0304(111) shows almost no nitrogen at 625 K anymore and no organic
compounds are detectable at 675 K, CoO(111) exhibits some nitrogen and also carbon (not
shown) on the surface even at 775 K. We believe this is because porphyrin molecules are able to
react with oxygen atoms in the reducible Co3O4 thin film, thereby reducing Co304(111) to
Co0O(111). CoO(111) is a non-reducible oxide and therefore no oxygen is evolving upon
annealing. The porphyrins decompose (brown species) but cannot desorb. The signal decrease at

775 K could be caused by a segregation of the decomposition products into the bulk.

We have now shown that 2HTPP reacts on both cobalt oxide surfaces very similar. The behavior
is very close to what was observed on MgO(100)%®, but differs from the behavior on TiO2(110)3"*°
(see Figure 17). We believe this is because MgO(100), CoO(111) and Cos04(111) all contain +2-
metal ions which are easily inserted into the porphyrin pocket, whereas TiO»(110) only contains
Ti* ions, which can only be inserted into the porphyrin pocket as titanyl (Ti=0)?" units, a much
more complicated reaction. We therefore, tentatively, suggest that room temperature metalation
could be a common feature for +2-metal oxide surfaces, whereas elevated temperatures are

required for surfaces without ions in oxidation state 2+.
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Figure 17: N 1s XP spectra after adsorption of 2HTPP on Co0304(111) and on CoO(111) at 275 K and on
MgO(100)% and TiO2(110)% at room temperature. Modified from [P1] with permission from Chem. Eur.
J.
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4.1.2. Influence of Anchoring Groups [P2, P3]
This data was measured in corporation with the group of Prof. Federico J. Williams from the

Universidad de Buenos Aires in Argentina.

Figure 18: 5-(monocarboxyphenyl)-10,15,20-triphenylporphyrin (MCTPP) (left) and its metalated
counterpart TiO-MCTPP (right). Adapted from [P2] with permission from J. Phys. Chem. C.

This part of the thesis addresses the influence of linker groups on the adsorption and reaction
behavior of porphyrins on rutile TiO2(110). The studied molecule is 5-(monocarboxyphenyl)-
10,15,20-triphenylporphyrin (MCTPP), which is structurally very similar to 2HTPP and has one
additional carboxylic acid group in para-position on one of the phenyl rings (Figure 18).
Comparing C 1s and O 1s spectra of mono- and multilayer preparations (not shown, see Figure 2
in article P2) shows that the acid group of the first layer, in direct contact with the TiO,(110)
surface, is deprotonated, which means that the molecules bind most likely covalently to the oxide
surface. To prepare a reference sample for coverage calculation, multilayers of MCTPP were
evaporated and annealed to 473 K. For many porphyrins on different metal and oxide surfaces
this is a reproducible way to create one fully closed layer of molecules. In this case, the number
of remaining molecules is also reproducible, but it is around three times higher than for 2HTPP
on the same surface (Figure 19). This means either the first three layers of MCTPP are stabilized
and do not desorb together with higher layers, or - what we assume - the remaining molecules
after multilayer desorption adsorb in a tilted geometry. This was also observed for the same
functionalized porphyrin on Co304(111)*: at low coverages, the molecules adsorb with the
macrocycle parallel to the surface and with increasing coverage they start to tilt away from the
surface. Coverage-dependent differences in reactivity, that are visible in the N 1s spectra in Figure

20 and will be discussed later, support the idea that there is a change in adsorption geometry.
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Figure 19: Comparison of the desorption of 2HTPP and MCTPP on TiO2(110) (unpublished).
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Figure 20: N 1s spectra of 0.9 and 0.3 ML MCTPP adsorbed on TiO2(110) from 300 to 723 K. During
annealing, the green peaks assigned to the free-base porphyrin are decreasing, while a new peak is rising.
This feature is assigned to the self-metalation product, which we think is TiO-MCTPP. The 0.3 ML sample
metalates at lower temperatures. We suggest this is due to a change in geometry, going from flat-lying to
tilted adsorption structure with increasing coverage. Modified from [P2] with permission from J. Phys.
Chem. C.
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Figure 19 shows also that when annealing MCTPP to temperatures higher than 600 K there is a
second desorption step. Based on carbon and oxygen XP spectra we suggested in article P2 that
the desorbing species might be decomposed porphyrins that lost their linker group. But recent
unpublished temperature-programmed desorption (TPD) measurements, done in our home

laboratory in Erlangen, have shown that mainly intact MCTPP desorbs upon heating.

In the next step, the N 1s region of MCTPP on rutile TiO,(110) as a function of temperature was
studied. Especially, the differences between flat-lying, low coverage and tilted, high coverage
preparations were investigated. Figure 20 shows N 1s spectra of 0.9 and 0.3 ML MCTPP (here
1 ML is the coverage of the upright-standing layer left after multilayer desorption; in comparison
to flat-adsorbing 2HTPP the coverages would be 2.9 ML and 1.0 ML). Whereas the higher
coverage preparation shows the expected one-to-one ratio between the peaks of the iminic (-N=)
and aminic (-NH-) nitrogen atoms, lower coverages show a clear deviation and a higher amount
of the aminic nitrogen species. This additional amount is fitted with a separate, red-colored peak.
This was already observed for 2HTPP3" 3% 6 and we think this comes from an interaction of
surface hydroxyl groups with the molecules and a formation of acidic porphyrins. If the high-
coverage layers are really tilted away from the surface, the interaction would be weaker and
therefore, it would not be surprising to see no (or only little) protonation on the left side of the
Figure. In both cases, annealing leads to the formation of TiO-MCTPP (blue peak in Figure 20;
see Figure 18 for molecular structure), but metalation occurs at significantly lower temperatures
for lower coverages. We think this is also explained by the different adsorption geometry because
the interaction between surface ions and the porphyrin nitrogen atoms is higher when they are
closer. In all cases, metalation was never observed at room temperature or below, exactly as for
2HTPP on TiO,(110) and in contrast to metalation on cobalt oxide surfaces as seen in the previous

part.
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Figure 21: n*-region of C K-edge NEXAFS measurements of 0.3 and 0.9 ML of MCTPP adsorbed on
Ti0O2(110). The shoulder at around 284 eV (marked orange) is caused from transitions of electrons located
at the macrocycle carbon atoms. The different incidence angle dependence of the two measurements shows
that the adsorption geometry is different.

To prove that the adsorption geometry changes with coverage, NEXAFS measurements were
performed. Figure 21 shows unpublished spectra recorded for 0.3 ML and 0.9 ML. TiO(110) is
a two-fold symmetric surface and as described in Chapter 2.2.4 both the polar as well as the
azimuthal dependency of the NEXAFS signal on the incident X-ray beam has to be measured to
calculate adsorption angles. Unfortunately, we only measured at one azimuthal angle and
therefore we cannot derive adsorption angles from the two measurements. However, the
dependence on the incident X-ray beam is different: in the 0.7 ML measurement the macrocycle
signal at around 284 eV shows highest intensities at gracing incidence (80°) whereas for higher
coverages no polar dependency of the macrocycle is found. This means, that the adsorption
geometry is between the two coverages is different, but we cannot tell if the porphyrin molecules
inhibit a different tilt angle as expected or if only the azimuthal orientation of the molecules along

the surface is different.
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Figure 22: Angular dependence of the N K-edge NEXAFS measurements of 0.3 ML of wet-chemically
deposited MCTPP on TiO2(110). The molecules adsorb tilted with an angle of 66° relative to the surface

plane.

NEXAFS measurements were also performed on solution-deposited MCTPP layers. A detailed
discussion of the wet-chemical preparation is given in Chapter 3.3. The data was recorded at the
PGM-U11 beamline of the Brazilian Synchrotron Light Laboratory (LNLS) in Campinas, Brazil
and published in article P3 together with Cynthia C. Fernandez from Prof. Federico J. William’s
group. Figure 22 shows the plot of the N K-edge peak intensities against the incident angle of the
X-ray beam. In this case, the data was measured at two azimuthal angles, but the measurements
show no azimuthal dependence, which means either the azimuthal adsorption angle is 45° or a
mixture of every azimuthal adsorption angle. The polar adsorption angle is 66° and this means
that the molecules adsorb tilted, however, the coverage in this case is similar to the low coverage
case shown previously and one would expect a flat-lying geometry. This could be caused by the
preparational method: even though the porphyrin coverage is low, the remaining surface will not
stay empty when put in solution. Solvent molecules and impurities from air and solution will
coadsorb onto the surface and could induce the geometry change that we would expect only for

higher coverages.

Coming back to the C K-edge NEXAFS measurements in Figure 21: when we assume the
azimuthal adsorption angle is also 45° in the case of the evaporated porphyrin molecules we can
calculate the respective polar adsorption angles. This yields 55° for the high-coverage preparation
and 32° for the 0.3 ML coverage. Whereas the first angle is close to the angle observed for wet-
chemically prepared MCTPP molecules and also near the range of other carboxylic acids on

TiO,%% (60° — 70°; see also Chapter 4.3), the latter is in the range of what a flat-adsorbed but
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distorted tetraphenylporphyrin would vyield: polar adsorption angles of 30° for CoTPP on
Ag(111)%, 31° for CoTPP on Ag(100)°! and 20° on Cu(111)% were reported based on C K-edge
NEXAFS measurements. Due to the steric hindrance between the phenyl and pyrrole rings,
porphyrins often adsorb in a distorted geometry and both, the well-known saddle shape structure®
52,53 35 well as the recently found inversed porphyrins®® would appear as slightly tilted in NEXAFS

because of the distorted macrocycle tilting the pyrrole rings relative to the surface.

In article P3, three more carboxylic acid functionalized molecules were studied: two
tetraphenylporphyrins with acid groups at two phenyl rings in, respectively, cis and trans
positions, and a molecule functionalized on all four phenyl rings. The cis-difunctionalized
molecule shows the same adsorption geometry as MCTPP. The trans species on the other hand
behaves different: it adsorbs with a tilt angle of 45°, which is also in range for a flat-adsorbed but
distorted molecule. The carboxylic acid molecule with four groups shows no polar dependence.
That means either that all molecules adsorb with an angle of 54.7° or they adsorb in different
adsorption geometries with a mean angle of 54.7°. We think, that some TCPP molecules behave
like cis-difunctionalized molecules and exhibit a tilted adsorption geometry, while others adsorb

flat like the trans molecules.
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4.2. Porphyrins at Solid/Liquid Interfaces

The second aim of this thesis is to study the influence of liquids on the different steps of porphyrin
layer preparation. As discussed above, potential applications of large organic molecules, like
porphyrins often need a metal oxide support, and important details were discussed in the previous
part. But the previously shown measurements still do not resemble real every-day-systems.
Preparing surfaces in UHV by sputtering and annealing, evaporating porphyrins and metalating
them afterwards is a good way to get well-defined and impurity-free surfaces in a reproducible
way that can be analyzed with surface-science techniques and can yield understanding of the
processes on atomic level. However, for commercial applications, this preparation is in many
cases too complex and too pricy. Wet-chemical preparation, on the other hand, is a very easy and
cheap way to prepare surfaces. By immersing oxide crystals in porphyrin-containing solutions
molecules can adsorb onto the surface but one risks the coadsorption of impurities which can lead

to more complex XP spectra that are more difficult to interpret.

This chapter shows one potential way to bridge the gap: by using a step-by-step approach, the
same system, MCTPP on TiO2(110), is prepared in several different ways, going from well-
controllable pure UHV, as seen in the previous section, to a complete liquid approach in air, where

ultrahigh vacuum was only involved in measuring XPS.

4.2.1. Reactions of Porphyrin Layers in Solution [P2]
The data presented here was measured in the laboratory of Prof. Federico J. Williams in
Argentina. It is the second part of Article P2 and discusses the effect of exposing UHV-prepared

porphyrin layers on TiO2(110) to aqueous zinc acetate solution in argon atmosphere.

Figure 23 shows the nitrogen, carbon and zinc XPS region of MCTPP on TiO2(110) before and
after Zn(OAc), exposure. The change in shape of the N 1s spectrum shows that a
metalloporphyrin is formed after the liquid treatment and a metalation degree of 69% is achieved.
This fits well with the amount of zinc on the surface. In addition, at higher binding energies a new
species is present after treatment. This comes from nitrogen-containing impurities and was also
observed by Franke et al. in similar experiments with 2HTPP adsorbed on Au(111).”® " Franke
et al. were able to desorb the impurities by annealing the surface to 523 K but in our case, with
MCTPP adsorbed on TiO,(110), this was not possible. However, the total number of impurities,
that are picked up during Zn(OAc), exposure, is little: the nitrogen and carbon amounts increase
only by less than 10%. We think that the almost full layer of porphyrins protects the surface from

the adsorption of more impurities.
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Figure 23: N 1s, C 1s, and Zn 2p3/2 spectra of 0.8 ML MCTPP on TiO»(110) before and after exposure to
a 1.0 mM aqueous solution of zinc acetate at pH 6 for 2 hours. The treatment with zinc ion-containing
solution leads to partial metalation of the porphyrins. Modified from [P2] with permission from J. Phys.
Chem. C.

As discussed in Chapter 4.1.2, the adsorption geometry of MCTPP on TiO2(110) is dependent on
the coverage, resulting in molecules with their macrocycle close to the surface for lower amounts
and tilted away for higher coverages. Therefore, different coverages were prepared, and it was
found that lower coverages exhibit more metalation after the exposure to zinc acetate solution.
One reason could be that the metal ions can easily reach the porphyrin center of the molecules
with the macrocycle parallel to the surface, but in the high-coverage case, with the molecules
forming densely packed upright-standing islands, the polar reaction solution cannot penetrate the
non-polar layer of phenyl rings and it is more difficult for the metal ion to reach the porphyrin

center.
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Figure 24: Normalized N 1s spectra of MCTPP on TiO»(110) after exposure to an aqueous solution of 1.0
mM zinc acetate at pH 6 for 2 hours, indicating a coverage dependency of the metalation reaction.
Coverages below 0.4 ML yield higher degrees of metalation and we think this is caused by a different
adsorption geometry. Adapted from [P1] with permission from J. Phys. Chem. C.

From solution chemistry it is known that metalation of porphyrins is often favored under alkaline
conditions.® This favors the abstraction of the protons from the two nitrogen atoms. Acidic
conditions, on the other hand, can lead to an increased formation of protonated porphyrins, hinder
the metalation reaction and even demetalate already metalated molecules.'® We wanted to know
how the pH value influences the metalation reaction of porphyrins adsorbed onto surfaces and
therefore we prepared agueous zinc acetate solutions with pH of 3, 6 (the previously shown
spectra) and 14. Figure 25 shows that the highest degree of metalation is achieved at pH 6. As
expected, for acidic pH values the degree of metalation is smaller, both for high and low
coverages. However, for pH = 14 the amount of metalated porphyrins is even smaller. One
explanation is that at this pH value the prominent zinc species is negatively charged zincate
Zn(OH)4?> 101192 and to be able to get complexated by a porphyrin molecule it has to loose four
hydroxyl groups, which is very difficult at these conditions. Another reason is that the TiO2(110)
surface itself is negatively charged at these conditions and this might repel the zincate anions.
Another observation is that in both cases, the high and the low pH preparation, the amount of
impurities (yellow peaks) is much higher than for the pH 6 preparation. This is because to change
the pH value additional chemicals had to be added and this increases the possibility of adding

impurities to the solution. This is also why in no case buffer substances were used.
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Figure 25: N 1s spectra of high- and low-coverage MCTPP on TiO»(110) after exposure to an aqueous
solution of 1.0 mM zinc acetate at three pH values for 2 hours. The pH values were controlled with acetic
acid (pH 3) and potassium hydroxide (pH 14), and the highest degree of metalation is obtained at a pH of
6. Modified from [P2] with permission from J. Phys. Chem. C.

4.2.2. Deposition of Porphyrin Layers from Solution [Unpublished]

This part focuses on bringing the deposition of porphyrin molecules onto cleaned TiO2(110)
crystals out of UHV into solution. As the measurements in the previous chapter, this work was
done under argon atmosphere with the liquid cell setup of Prof. Federico J. Williams in Buenos
Aires. The deposition step itself was kept simple: sputtered and annealed TiO,(110) crystals were
dipped in ethanolic porphyrin solutions for 1 min, then rinsed with pure ethanol to remove excess

porphyrins and the remaining solvent was blown off with an argon jet.

In Figure 26, the N 1sand C 1s spectra of solution deposited and evaporated MCTPP is compared.
Both preparational techniques yield remarkably similar spectra and the amount of nitrogen and
carbon is also in the same range. This proves that we were successfully depositing porphyrins
from solution with the same coverage as a closed layer yielded by evaporation (which is around
3.2 ML of flat lying unfunctionalized 2HTPP; see Figure 19 in Chapter 4.1.2). There is an
additional peak at 400.8 eV coming from impurities that were picked up during the deposition
process. Another difference is the number of protonated porphyrins. At this coverage, between
5 — 6% of evaporated porphyrins are protonated, but in the solution deposited case it is twice the
amount, 12%. We think this is caused by a higher amount of hydroxyl groups on the surface after
the liquid treatment.
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Figure 26: N 1sand C 1s spectra of MCTPP on TiO2(110) prepared from solution (top) and by evaporation
in UHV (bottom). Green peaks belong to the free-base porphyrin, red peaks are assigned to protonated
porphyrins (N 1s) or the carboxylic acid carbon (C 1s), violet peaks are shake-up satellites and yellow peaks
are impurities.

Besides MCTPP we also deposited three other porphyrins from ethanolic solutions. Figure 27
shows N 1s and C 1s spectra of TCPP, a porphyrin molecule functionalized with four carboxylic
acid groups, MPTPP, with one phosphonic acid group and TPPP functionalized with four
phosphonic acid groups. These molecules were found to be almost impossible to evaporate (or
not at all in the case of the phosphonic acid porphyrins) but it is possible to deposit porphyrin
layers on TiO2(110) from ethanolic solution. However, the number of impurities was found to be

higher in all three cases than with MCTPP.
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Figure 27: N 1s and C 1s spectra of MCTPP, MPTPP, TCPP and TPPP on TiO2(110) prepared from
ethanolic solution. Green peaks belong to the free-base porphyrin, red peaks are assigned to protonated
porphyrins (N 1s) or the carboxylic acid carbon (C 1s, only MCTPP and TCPP), violet peaks are shake-up
satellites and yellow peaks are impurities.

4.2.3. Full Ambient-condition Preparation of Porphyrin Monolayers [P4]

In the last part of this chapter the cleaning of the TiO2(110) crystals is brought out of UHV into
solution. In addition, instead of working in argon atmosphere as in the previous steps, all
experiments are performed in air. The aim of this chapter is to find an easy and reproducible
method to prepare porphyrin layers on TiO2(110) outside of UHV, while keeping the amount of
impurities as low as possible and then compare the results to pure ultrahigh vacuum-prepared
surfaces and identify and analyze any potential differences between the different preparation
methods. Big parts of the crystal preparation were performed in the laboratories of Prof. Jux from
the Chair of Organic Chemistry Il at our university. There, we had not only access to a well-
equipped synthetical-chemistry lab, but we also benefited from the great expertise in the field of
solution-based porphyrin chemistry. The measurements were performed with the Phi Quantera Il
XPS setup of Professor Karl Mayrhofer from the Helmholtz Institute Erlangen-Nurnberg. With
this machine we were able to prepare several crystals at the same time (usually around ten), insert
them all together and measure all of them over night; something that would have taken several
days with our own XPS setup. The results are summarized in article P4, which is currently in

preparation.

The cleaning procedure bases on a recipe described by the Diebold group® and is basically a
variation of the SC-1 cleaning procedure to clean wafers!®. The details are described in Chapter

3.2.2. The first step is to sonicate the crystals in soap solution to remove all grease and bigger
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particles. After sonicating in clean ultrapure water, the crystal is placed in a 3:1 mixture of
25% NH; and 30% H,O; that is heated to 65°C for 8 minutes. Afterwards the crystals are rinsed
with ultrapure water and then sonicated with fresh water again. After cleaning, the crystals are

either stored in ultrapure water or directly put into porphyrin solution for the next step.
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Figure 28:Comparison of XP spectra of a fresh, as-bought TiO»(110) crystal (green) and a cleaned one
(blue). Besides carbon and nitrogen, traces of zinc, copper, calcium, sulfur, phosphorus, and silicon were
found on the new crystal and removed by the wet-chemically cleaning procedure. The N 1sand C 1s spectra
show an additional measurement of a TiO,(110) crystal with wet-chemical deposited MCTPP as reference
(red). Modified from [P4].

Figure 28 summarizes the XPS results of the cleaning procedure. The green trace shows a survey
spectrum of a fresh crystal as bought and the blue one shows a crystal after the cleaning procedure.
The liquid treatment removes all traces of impurities, like copper, zinc, silicon, calcium, nitrogen,
phosphorus, and sulfur. Some nitrogen either remains after the cleaning procedure or readsorbs
from air, but it is less than 5% of the N 1s signal from a densely packed porphyrin layer and
therefore not enough to cause us problems. This is a notable result because the nitrogen region is
the most important when studying metalation reactions with XPS. An impurity level as high as
found on the untreated crystal would make the assignment and the subsequent analysis of the XPS
signals more difficult or even impossible. The remaining number of carbon impurities on the other
hand is still around 50% of the initial amount and 40% of the porphyrin reference. This is
unavoidable when working in ultrahigh vacuum. Even if the cleaning procedure removes all
carbon, organic impurities from air or in the solution will immediately form a carbon layer on the
surface. Balajka et al. have shown that mainly short-chained carboxylic acids adsorb onto

TiO2(110) from water or air.1%
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The porphyrins we want to focus on have two different types of linker groups: carboxylic acid
linker groups, just as the impurity molecules and phosphonic acid groups. The latter binds
stronger to the surface than carboxylic acid!® %7 and should therefore have an easier time
displacing the impurities. By placing the impurity-covered crystals for a long-enough time in
porphyrin solution, the carboxylic acid molecules should nevertheless be able to replace almost
all impurity molecules because the concentration of porphyrins in solution is higher than of
impurity molecules. At this point one must emphasize the meaning of the term “clean surface” in
this chapter. When working under ambient conditions, clean does not mean that the surface only
contains titanium and oxygen atoms, in contrast to the atomically clean crystals obtained by
sputtering in ultrahigh vacuum, but it means a surface passivated by the reproducible organic
layer we always observe after wet-chemical cleaning, see Figure 28.

For all our measurements we used one-side polished TiO2(110) single crystals, but the polished
side is — on a microscopic level — still very rough. Figure 29 shows ambient condition AFM
images, measured by Corinna Stumm from the group of Prof. Jérg Libuda, from such a polished
but rough surface. In UHV studies the annealing steps after sputtering the single crystals create
very flat surfaces with large terraces!®® and to achieve similar results outside of UHV, we annealed
our crystals in pressurized air. Applying the same annealing temperature that we used in our UHV
experiments, which is 970 K, for 90 minutes, does not yield flat surfaces as seen in the middle
part of Figure 29. When increasing the annealing temperature to 1220 K for 22 hours, large
terraces are formed, as shown in the right part of Figure 29. This temperature is in between 1100

and 1270 K; temperatures that were used by other groups to prepare flat surfaces on rutile
TiO2(110) Crysta|5_109—111

Figure 29: Ambient condition AFM images of an untreated TiO2(110) surface and after annealing in
pressurized air. Annealing to 970 K, which is the annealing temperature for UHV-prepared crystals, does
not yield flat surfaces. Increasing the annealing temperature to 1220 K for 22 hours results in large terraces.
Modified from [P4].
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Figure 30: N 1s spectra of TiO2(110) crystals exposed to ethanolic 0.01 mM MCTPP solution for 10 and
30 minutes and 12 hours. After 30 minutes, the spectra do not change anymore, suggesting that saturation
coverage is reached. The 10-minute preparation has less nitrogen and therefore also less porphyrins.
Modified from [P4].

After cleaning, the crystals were placed in ethanolic porphyrin solution (0.01 mM). Figure 30
shows N 1s spectra of TiO2(110) crystals exposed to MCTPP solution for different amounts of
time. After 30 minutes, the nitrogen region is not changing anymore, and we assume this means
the saturation coverage, probably of upright-standing porphyrin molecules (see NEXAFS
measurements in Chapter 4.1.2), is reached. When comparing the spectrum recorded after
30 minutes exposure to porphyrin solution with measurements of evaporated MCTPP in ultrahigh
vacuum (Figure 31) one finds that both spectra look similar. All peaks are at the same binding
energy position and no additional impurity signals are present. One difference is the amount of
protonated porphyrin species, which is expressed by the ratio between the two nitrogen peaks. As
discussed in previous chapters, we think that interactions of the iminic nitrogen atoms of the
porphyrin molecules with hydroxyl groups on the surface lead to a protonation of the porphyrin.
When comparing the N 1s shapes of the evaporated and the solution-deposited layer in Figure 31
it is clearly visible that the peak at around 400 eV is larger in the case of the solution-deposited
molecules, indicating a higher degree of protonation. However, due to the liquid treatment, the
crystal’s surface is probably strongly hydroxylated, and this could lead to more protonation. This
is also what we saw in the previous chapter, where we deposited porphyrins from solution onto a
sputter-cleaned crystal. By comparing the carbon-to-nitrogen ratio one can calculate that
impurities contribute only to 15% of the total carbon signal. Considering the full preparation was
done outside of ultrahigh vacuum and the crystal was fully covered with carbon, this is a good
result. Figure 30 also shows that for lower exposure times less nitrogen adsorbs onto the
TiO2(110) crystal, leading to a lower porphyrin coverage. The amount of carbon (hot shown) is

also lower for the 10-minute preparation; however, the carbon-to-nitrogen ratio is higher, and this
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means that the amount of carbon impurities is higher in the case of the 10-minute preparation. As
discussed in Chapter 4.1.2, the MCTPP molecules adsorb probably not flat but tilted away from
the surface and the remaining space on the surface is covered by impurities. To keep the number
of impurities as low as possible we therefore did all subsequent experiments on crystals exposed

to porphyrin solutions for at least 30 minutes.
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Figure 31: Comparison of the N 1s spectra of MCTPP evaporated (top) and wet-chemically deposited
(bottom) onto TiO,(110). Modified from [P4].

In the next part, the reactivity of porphyrins deposited from solution onto wet-chemically cleaned
TiO2(110) crystals was compared to evaporated preparations. Therefore, the MCTPP-covered
crystals were put in aqueous zinc acetate solution with a concentration of 0.01 M for one hour.
This is the same treatment that was used to metalate crystals in the argon-filled liquid cell in
Buenos Aires in Chapter 4.2.1. Figure 32 shows N 1s spectra for both preparations: the evaporated
reference on the left side and the wet-chemically prepared crystals on the right side. The spectra
on the top are the ones discussed in Figure 31 and in the middle the spectra after exposure to zinc
solution are found. It is clearly visible that the result is very different. The spectral shape of the
measurement before and after zinc exposure on the right side changes only slightly. Fitting the
spectrum yields a degree of metalation of 17% in contrast to 51% on the left side. One reason for
that unexpected behavior could be the higher degree of protonated porphyrins on the wet-chemical
prepared crystal. Especially from ultrahigh vacuum studies of 2HTPP on TiO2(110) it is known
that the protonated porphyrin species is more resilient towards metalation and in this case higher
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temperatures are necessary to metalate those porphyrins.®” This is also known from metalation
experiments of dissolved porphyrins: best yields are achieved for slightly basic pH values,
because a deprotonated porphyrin easily reacts with a positively charged metal ion®®, whereas the
metal gets repelled by a protonated porphyrini®, In our case, with porphyrins adsorbed on a
surface, positively charged molecules will most likely be less reactive towards metalation as well,
however, we would not expect a difference between the two shown cases in Figure 32. The initial
degree of protonation might be higher on the wet-chemical prepared sample but when put in the
aqueous zinc acetate solution the degree of protonation should in both cases only be controlled
by the acidity of the zinc acetate solution. Another reason could be how the porphyrin molecules
adsorb onto the crystal: when evaporated at room temperature, the porphyrins have not enough
energy to diffuse on the surface and this results in disordered adsorbate layer. Deposited from
solution, the porphyrin layers could be highly ordered, because the molecules can detach and
reattach as long as the crystal is placed in the ethanolic solution. A highly ordered porphyrin layer
with molecules densely packed would probably yield less metalation because the metal ions have
to diffuse through the non-polar adsorbate layer to reach the porphyrin center. Besides the small
changes in between the free-base peaks, that is caused by the metalation peak, there are also
changes at the high energy side where nitrogen impurity peaks are often found. As the solvent
was the same that is used during the crystal cleaning, the source of those impurities is most likely
the zinc acetate salt. In all cases, the amount of impurities from metalating with zinc acetate

solution was below 10%.
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Figure 32: N 1s spectra of evaporated and solution-deposited layers of MCTPP onto TiO2(110) before and
after metalation at room temperature and at 85°C with aqueous zinc acetate solution. Modified from [P4].
With the aim to increase the degree of metalation, freshly prepared crystals with MCTPP were
put in zinc acetate solution for one hour while heated to 85°C. This leads to an increased degree
of metalation of 75% on the evaporated-porphyrin sample and slightly more impurities than
without heating. It is noteworthy that this treatment does still not yield full metalation while
Franke et al. found for 2HTPP evaporated onto Au(111) complete metalation with zinc acetate
solution already at room temperature’ and we do not know if this is due to the different porphyrin
and the resulting different adsorption geometry or the higher reactivity of the TiO2(110) surface:
after exposure to zinc acetate solution, the amount of zinc on the surface is high enough to yield
full metalation. In the case of the wet-chemically prepared porphyrins, the heated solution
increases the degree of metalation as well, but only to 43%, which is still less than for the
evaporated-porphyrin sample at room temperature. This is also the highest degree of metalation
we were able to prepare. Neither increasing the reaction time, changing the metal salts, increasing
the concentrations, using other solvents nor changing the pH value yielded more metalation. This
shows that there is a considerable difference between the two preparations. Even though we can
deposit porphyrins with both methods, their reactivity is not the same and therefore, the influence
of solutions and air on the preparation of porphyrin layers on oxide surfaces is worth to be studied
more intense. The methods described in this chapter might be a viable way to study those

influences that occur during ambient condition preparations.
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4.3. Removing Photoemission Features from Auger-yield NEXAFS Spectra
[P5]
The last part of the thesis is about how to deal with photoemission features in two-dimensional
Auger-yield NEXAFS measurements. In Chapter 2.2.3 it was already shown how photoelectron
signals can interfere with NEXAFS measurements and it was discussed that there is no established
way to remove those interferences. To be able to analyze spectra measured at several beamtimes
at the Material Science Beamline at the Elettra Sincrotrone in Trieste, Italy we developed a new
approach that is published in article P5. This also includes a detailed description of the method.

Here, the single steps will be described with an unpublished set of data: phthalic acid on
Co0304(111).
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Figure 33: A measured two-dimensional NEXAFS image with photoelectron features can be split into two
two-dimensional images with one containing only XPS features and one containing only NEXAFS features.
From the XPS image, a one-dimensional XPS spectrum can be obtained and the NEXAFS image can be
divided into a NEXAFS spectrum and a Auger spectrum.

The basic assumption behind the idea is that the measured two-dimensional images are described
by a superimposition of a two-dimensional image containing only NEXAFS features and one
containing only the diagonal XPS lines, see Figure 33. The NEXAFS image itself can be
deconstructed into a one-dimensional NEXAFS spectrum, which is what one is usually interested
in, and a one-dimensional Auger spectrum, which gives the intensity of the Auger peaks as a

function of kinetic energy. From the XPS image a one-dimensional XPS spectrum can be obtained
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by converting the kinetic energy axis to binding energies. The two-dimensional NEXAFS image
can be obtained by subtracting the XPS image from the measured image and vice versa, but we
neither have the NEXAFS nor the XPS image. The idea of our procedure is to create those images

in an iterative loop and to do so only the measured two-dimensional image is needed.
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Figure 34: Step a (left): by summing up and averaging the datapoints along the kinetic energy axis a one-
dimensional NEXAFS spectrum is obtained. The diagonal XPS lines lead to an increased background (in
this example especially between 310 and 320 eV photon energy. Averaging along the photon energy axis
yields the Auger spectrum. Step b (right): by combining the two spectra obtained in Step 1 a two-
dimensional image is created. The XPS lines are not sharp anymore but smeared out.

Figure 34 shows on the left side the measured two-dimensional image of the carbon K-edge after
photon flux correction at 80° with respect to the surface normal of phthalic acid on Co304(111)
which was grown on Ir(100). The main photoelectron features, which are represented as diagonal
lines (see also Chapter 2.2.3) are at photon energies of 310 eV and higher, well above the Auger
peaks, but also at low photon energies diagonal lines cross the image. They lead to an increased
background in the beginning and at the end of the spectrum and it is important to remove them
correctly to be able to normalize the spectra to the edge jump and compare them with ones
measured at different incident beam angles. To start with, the measured image is split into initial
guesses for the NEXAFS and Auger spectra. In both spectra, the photoelectron features are
smeared out and contribute only to the background not to intense peaks. By combining both
spectra, a two-dimensional image is obtained that only shows Auger peaks. In Figure 35, this
newly created image is subtracted from the originally measured and the result shows almost only
photoelectron peaks and only some faint residuals of the Auger peaks. Now the kinetic energy
axis is converted to binding energies, graphically this means the image is shear-distorted, and then
the XPS spectrum is created by summing up along the photon energy axis. This time the Auger
peaks are smeared out and contribute only to the background. In the first step of Figure 36 a two-
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dimensional image is again created out of the photoelectron spectrum. This image is again
subtracted from the originally measured image and the result shows only Auger features. In this
example this is already enough to remove the photoelectron features completely. Otherwise, one
would take this image and start from Figure 34 again and repeat all steps until the result is

satisfying. This takes usually not more than ten to twenty loops.
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Figure 35: The image obtained in the second Step in Figure 34 is subtracted from the originally measured
image. The result shows mainly XPS features and only some artifacts of the vertical Auger lines. The kinetic
energy axis is converted into binding energy and the datapoints are averaged along the photon energy axis
to yield an photoelectron spectrum.
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Figure 36: In Step a the photoelectron spectrum obtained in Figure 35 is converted back into a two-
dimensional image. The Auger artifacts are now smeared out and almost only XPS features are visible.
After changing the axis back to kinetic energy, the image is subtracted from the originally measured image.
The resulting two-dimensional spectrum does not contain any XPS features anymore. After averaging along
the kinetic energy axis, a NEXAFS spectrum is obtained.
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Figure 37: NEXAFS measurements of phthalic acid on Cos04(111) after removing photoemission features.
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Figure 38: Angular dependence of the first n* peak of the NEXAFS measurements of phthalic acid on
Co304(111). The molecules adsorb tilted with an angle of 67° relative to the surface.

Figure 37 shows the NEXAFS spectra of all incidence beam angles after correction and
normalization and Figure 38 shows the resulting angular dependencies. The adsorption angle of

67° agrees very well with adsorption angles of other carboxylic acids.%

This example shows that it is possible to remove photoelectron features from Auger-yield
NEXAFS spectra without the need to measure any additional reference spectra of the clean

surface. This is especially beneficial in cases, where it is not possible to measure a clean reference
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sample, or where the photoelectron peaks are caused by the adsorbate itself. More examples with

severe photoelectron features can be found in article P5.
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5. Conclusion and Outlook

In this thesis XPS and NEXAFS spectroscopy were used to study the adsorption and reactivity of
porphyrins on different oxide surfaces prepared under ultra-high vacuum but also ambient

conditions.

To gain a better understanding about the influence of the substrate structure 2HTPP was
investigated on two cobalt oxides with different surface structure. At room temperature, no
differences were observed and even more, the behavior is very similar to that of the same
porphyrin on MgO(100): already at 300 K, a substantial number of porphyrins are metalated and
thus we conclude that this might be a general trend for +2-metal oxides. On the other hand, 2HTPP
does not metalate at room temperature on TiO»(110), a +4-metal oxide probably because a
(Ti=0)?* unit instead of a Ti**-ion has to be complexated by the porphyrin to match the

stoichiometry.

The influence of anchoring groups on the adsorption and reactivity of porphyrins was studied
with the carboxylic-acid functionalized MCTPP. It was shown that the molecule metalates with
the substrate when annealed on TiO2(110), but the degree of metalation is dependent on the
coverage. We conclude, and this is also supported by NEXAFS measurements, that there is a
coverage-dependent change in adsorption geometry: at low coverages, the molecules adsorb with
the macrocycle closer to the surface making it easier to pick up substrate atoms while they adsorb

with a more tilted geometry at higher coverages.

Studying porphyrin adsorption and metalation under ambient conditions and compare it with
UHV was the aim of the second part. In a step-by-step approach, the same system was studied
with different preparative approaches. To start with, MCTPP was evaporated on TiO»(110) in
ultrahigh vacuum and exposed to zinc acetate solution. It was found that a metalloporphyrin
species is formed already at room temperature and that the degree of metalation depends on the
molecular coverage, probably again caused by the coverage-dependent change in adsorption
geometry. In the next step, techniques were developed to grow porphyrin layers from solution on
UHV-cleaned TiO»(110) and in the end, methods were found to reproducibly clean TiO»(110)
wet-chemically and prepare layers of MCTPP with a cleanliness comparable to samples prepared
in ultrahigh vacuum. However, when these wet-chemically prepared samples were exposed to
zinc acetate solution, the degree of metalation was substantially lower than for the UHV-prepared
crystals. We think the reason is that wet-chemically prepared porphyrin layers are more densely
packed which decreases the probability that metal ions can reach the porphyrin metal center

because they have to diffuse through the non-polar adsorbate layer.

The third and last part has presented a novel way to remove photoemission features from two-

dimensional Auger-yield NEXAFS images. This is a fast and easy method which needs no
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additional reference measurement, and thus works also in cases, where the photoemission features

change upon adsorption of molecules.

By the end of this thesis, the adsorption of porphyrins on oxide surfaces and their reactivity is
better understood than in the beginning. This work, but also many more publications, helped to
shed some more light onto this topic. However, there are still many things unknown. The details
of metalation on +2 oxides are still under research. One theory, and this fits with the presented
finding on cobalt oxide, suggests that metalation happens at defect sites, but the exact mechanism
is still unclear. Even less is known about metalation on TiO,(110). To date we only assume that
free-base porphyrins coordinate a (Ti=0)?" unit and form a titanylporphyrin (TiOTPP) instead of
a titanium porphyrin (TiTPP). Especially for metalation reactions, the origin of the protonated
porphyrin species has to be found. We assume that it is caused by an interaction of the free-base
porphyrin with hydroxyl groups on the surface. Last, but not least, the wet-chemical experiments
have shown that the adsorption and reaction behavior of porphyrins is different when they are
prepared under ambient conditions. For future applications, it is crucial to understand the reason
for those differences and therefore, more studies should be performed which combine

preparations outside of the ultrahigh vacuum environment with surface science techniques.
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6. Zusammenfassung

In dieser Arbeit wurde das Adsorptionsverhalten und die Reaktivitdt von Porphyrinen auf
verschiedenen Oxidoberflaichen mit XPS und NEXAFS-Spektroskopie untersucht. Die
Oberflachen wurden dabei sowohl im Ultrahochvakuum als auch unter Umgebungsbedingungen

prapariert.

Um ein tieferes Versténdnis tiber den Einfluss der Oberflachenstruktur zu erlangen, wurde 2HTPP
auf zwei Cobaltoxiden mit unterschiedlicher Oberflachenstruktur adsorbiert und untersucht. Es
hat sich gezeigt, dass trotz der unterschiedlichen Oberflache das Verhalten bei Raumtemperatur
das gleiche ist und dariiber hinaus auch dem auf Magnesiumoxid gleicht: Bereits bei 300 K ist
eine erhebliche Anzahl an Porphyrinmolekilen metalliert. Wir schlieen daraus, dass es sich
hierbei um ein generelles Phdnomen bei +2-Metalloxiden handeln konnte. Auf TiO2(110), einem
+4-Metaloxid, wurde keine Metallierung bei Raumtemperatur beobachtet. Das kdnnte daran
liegen, dass anstatt eines Ti**-lons eine (Ti=0)?*-Einheit aus der Oxidoberflache herausgeldst

werden muss, um die Stochiometrie zu erfullen.

Der Einfluss von Linkergruppen auf das Adsorptions- und Reaktionsverhalten von Porphyrinen
wurde anhand des Molekiils MCTPP erforscht. Beim Heizen der Molekiile auf TiO2(110) wird
ein Metalloporphyrin geformt, aber der Grad an Metallierung ist abh&ngig von der Bedeckung.
Wir schliefen daraus, und das wird durch NEXAFS-Messungen bestatigt, dass die
Adsorptiongeometrie von der Anzahl der Molekiile auf der Oberflache abhé&ngt. Bei niedrigen
Bedeckungen liegen die Porphyrinmolekile anndhernd flach auf dem Substrat und kdnnen
einfacher Substratatome komplexieren. Bei hoheren Bedeckungen adsorbieren die

Porphyrinmolekiile hingegen gewinkelt.

Im zweiten Teil wurde die Adsorption und Metallierung von Porphyrinen auferhalb des
Ultrahochvakuums untersucht und mit UHV-Studien verglichen. Schritt fur Schritt wurde das
gleiche System auf verschiedene Weisen prapariert und untersucht. Zu Beginn wurde MCTPP auf
TiO2(110) im Ultrahochvakuum aufgedampft und in Zinkacetatlésung getaucht. Dies flihrte
bereits bei Raumtemperatur zur Bildung einer Metalloporphyrinspezies. Der Grad der
Metallierung ist dabei abhéngig von der Bedeckung. Wir vermuten, dass auch hier der Grund in
der bedeckungsabhéngigen Adsorptionsgeometrie liegt. Im néachsten Schritt wurden Methoden
entwickelt, um Porphyrine aus Lésungen auf Kristalle abzuscheiden, die im Ultrahochvakuum
gereinigt wurden. Und schlieBlich wurde ein Verfahren gefunden um TiO2(110)-Kristalle
reproduzierbar in Losung zu Reinigen und Porphyrinlagen aufzubringen, deren Reinheit der von
UHV-préparierten Kristallen sehr nahekommt. Werden die nasschemisch praparierten Kristalle
in Zinkacetat-Ldsung gegeben unterscheidet sich der Grad an Metallierung allerdings erheblich

von dem von im UHV prédparierten Kristallen. Wir denken, dass nasschemisch-praparierte
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Porphyrinlagen dichter gepackt adsorbieren und die Wahrscheinlichkeit deswegen geringer ist,

dass ein Metallion durch die unpolare Adsorbatschicht zum Porphyrinzenter dringen kann.

Im dritten und letzten Teil wurde ein neues Verfahren zur Entfernung von Photoemissionslinien
aus zweidimensionalen Auger-yield NEXAFS-Daten vorgestellt. Es handelt sich hierbei um eine
schnelle und einfache Methode, die keine zusétzlichen Referenzmessungen bendtigt. Sie
funktioniert deshalb auch, wenn sich die Photoemissionslinien wahrend der Adsorption von

Molekilen verandern.

Zum Ende dieser Arbeit hat sich unser Verstandnis Uiber das Adsorptions- und Reaktionsverhalten
von Porphyrinen auf Oxidoberflachen verbessert. Diese Arbeit, aber auch viele weitere
Veroffentlichungen in den letzten Jahren, haben geholfen etwas Licht ins Dunkel zu bringen. Es
gibt allerdings immer noch einige Dinge, die unklar geblieben sind. Die Details der Metallierung
auf +2-Oxidoberflachen ist immer noch nicht abschlieBend geklart. Ein Erklarungsvorschlag, der
auch zu den hier vorgestellten Daten auf Cobaltoxid passt, besagt, dass die Defektstellen die
reaktiven Seiten sind, aber der genaue Reaktionsmechanismus ist noch nicht bekannt. Uber die
Metallierung auf TiO2(110) ist sogar noch weniger bekannt. Zum jetzigen Zeitpunkt kdnnen wir
nur vermuten, dass das Reaktionsprodukt der Selbstmetallierung ein Titanylporphyrin ist und eine
(Ti=0)?*-Einheit komplexiert wird. Vor allem fiir die Metallierungsreaktionen ist es auRerdem
wichtig, dass mehr tiber den Ursprung der protonierten Porphyrinspezies herausgefunden wird.
Wir vermuten bisher, dass freie-Basen Porphyrine mit Hydroxylgruppen auf der Oberflache
reagieren und diese Spezies formen. Als letzter Punkt haben die nasschemischen Experimente
gezeigt, dass das Adsorptions- und Reaktionsverhalten von Porphyrinen anders ist, wenn sie
aullerhalb des Ultrahochvakuums prapariert werden. Fir zukinftige porphyrinbezogene
Anwendungen ist es wichtig zu verstehen, woher diese Unterschiede kommen und deswegen
sollte dieser Ansatz, Praparationen auBerhalb des Ultrahochvakuums gepaart mit

Oberflachenanalysemethoden, auch in Zukunft weiterverfolgt werden.
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